ABSTRACT The interferometric synthetic aperture radar (InSAR) is a well-known tool for mapping ground surface deformations with centimeter precision, and is much better than that used in the offset tracking method. However, the InSAR method has difficulties in precisely measuring large deformation signals because the phase unwrapping can include severe errors in the case of large and complex deformations. To overcome this drawback, an offset-based unwrapping strategy was proposed. However, this strategy has almost never been used for the unwrapping approach because the accuracy of offset measurement is much lower than that of InSAR measurement. As the spatial resolution of the SAR image becomes more precise, the offset measurement accuracy increases. Specifically, the L-band ALOS2 PALSAR2 sensor has much higher offset measurement accuracy due to its higher spatial resolution. In this paper, the feasibility of the unwrapping of a PALSAR-2 interferometric phase with large surface deformation signals, using an offset map, is proved. This validation of offset-based unwrapping was performed using two ALOS2 PALSAR2 coseismic pairs in the 2016 Kumamoto earthquake where large deformations of more than 200 cm occurred. The offset-based unwrapping was more successful than traditional unwrapping. The root-mean square errors of offset-based unwrapping using GPS in situ data were about 1.96 and 1.90 cm in the ascending and descending pairs, respectively. The validation results showed that the ALOS2 PALSAR2 offset-based unwrapping enables us to measure complex and large deformation signals accurately. Precise measurements in high-gradient and high-decorrelated deformation areas would be helpful to better understand geological mechanisms.
I. INTRODUCTION
Large surface deformations are a global issue and are a frequent occurrence. Earthquakes, such as the 2008 Mw 8.0 Wenchuan earthquake, the 2010 Mw 7.0 Haiti earthquake [1] , [2] , the 2011 Mw 9.0 Tohoku-Oki earthquake [3] , the 2014 Mw 6.0 Napa earthquake [4] and the 2016 Mw 7.0 Kumamoto earthquake [5] - [10] , as well as volcanic eruptions, such as the 2005 Sierra Negra volcano eruption [11] , Kilauea volcano eruption [12] - [14] , and Okmok Volcano eruption [15] affect a significant number of people and can cause extreme damage. These large deformations can reach more than 3 meters and can be spatially distributed up to several hundred kilometers. For example, in the case of the 2010 Haiti earthquake, the surface deformations reached about 2 m, and more than 300,000 persons were confirmed dead or missing and about 250,000 residences and 30,000 commercial buildings were severely broken [16] .
Synthetic aperture radar (SAR) interferometry has been widely used to map surface deformations over large areas covering thousands of square kilometers. It is well-known that interferometric SAR (InSAR) is a unique tool capable of measuring surface deformations to an accuracy of several millimeters to centimeters [17] , [18] by converting the interferometric phase into surface deformation. However, since the interferometric phase is represented by the wrapped value of (−π to π), the InSAR method needs a phase unwrapping procedure. Phase unwrapping is based on the assumption that the phase difference between adjacent pixels has to be within 2π.
Many methods have been developed for phase unwrapping [11] , [18] - [21] . Most unwrapping methods have been well applied to normal SAR interferogram cases, but they have difficulties in unwrapping the interferometric phase in extreme cases with complex and steep surface deformations because the phase difference between adjacent pixels can exceed 2π. Even if the phase difference is within 2π, unwrapped values can be mis-estimated if the deformations are very complex and steep. Normally, since surface deformations near fault lines are complex and steep, it is very difficult to measure the deformation magnitude near fault lines [19] .
The offset-tracking method is a well-known tool used to measure surface deformations, which is usually done by using the intensity cross-correlation approach. The method does not require the unwrapping process, but has an accuracy at least several times lower than the InSAR method because the offset accuracy is a function of the spatial resolution (∼meters), while the InSAR accuracy largely depends on the radar's wavelength (∼centimeters). Despite this, the offset method has been successfully applied to the observation of fast moving glaciers or large earthquake [22] - [25] . As recent satellite radar sensors, such as the X-band TerraSAR-X and the L-band Advanced Land Observing Satellite 2 (ALOS2) PALSAR2, have higher spatial resolutions, the measurement performance of the offset method is remarkably improved using recent satellite images [25] , [26] . Nevertheless, it is obvious that the offset method still has inferior accuracy compared to the InSAR method.
In summary, in complex and large deformation areas, (i) the InSAR method is not applicable to large deformations due to the phase unwrapping errors, and (ii) the offsettracking method works well, although it has a much lower accuracy. Using the trade-off between InSAR and offset measurements, an offset-based phase unwrapping method was proposed. However, it has almost never been used for the unwrapping approach because offset accuracy is much lower than the InSAR accuracy.
In this study, we tested the feasibility of the offset-based phase unwrapping by successfully applying it to ALOS2 PALSAR2 interferograms which exhibit large and complex surface deformation signals. For the feasibility test, two ALOS2 PALSAR2 co-seismic pairs in the 2016 Kumamoto earthquake were used, where significant deformation of more than 200 cm occurred.
For optimal offset-based unwrapping, the non-local (NL) means filter and multi-kernel offset-tracking methods were applied to the estimated offset map. The feasibility validation of the offset-based unwrapping was performed by using GPS in-situ measurements. The offset-based unwrapping results were compared with minimum cost flow (MCF) unwrapping. Moreover, the unwrapping performance in steep deformation slope areas was described in detail. It was proved that the proposed offset-based phase unwrapping approach enables the accurate observation of large and complex surface deformations.
II. METHODOLOGY
The InSAR phase includes the deformation signal and topography-related signal, as well as the error components, such as thermal noise, temporal and geometrical decorrelations, etc. [27] . These error components degrade the accuracy of the surface deformation measurement and produce unwrapping errors, because phase jumps between adjacent pixels normally occur in noisy SAR images [19] , [28] . To suppress the noise components, Goldstein's adaptive filter can be applied to the noisy SAR image [29] , [30] , and hence, valid deformation signals may be estimated by unwrapping the noise-reduced image [29] , [31] , [32] .
Nevertheless, it is almost impossible to unwrap a complex and steep surface deformation phase because the phase difference between adjacent pixels can exceed 2π. Even if the phase difference is within 2π, unwrapped values can be mis-estimated. Many researchers have made efforts to overcome the problem [11] , [20] , [33] . One well-known solutions is to unwrap the residual phase after a complex and large deformation phase is subtracted from a low-frequency and low-accuracy measurement, such as the offset-tracking measurement. It is almost impossible to apply this to SAR interferometric data because the offset-tracking measurement has much lower precision with respect to the radar wavelength, which corresponds to a phase difference of 4π.
Recently, the L-band ALOS2 PALSAR2 data has achieved higher spatial resolution (less than 4 m); moreover, the multikernel offset-tracking method has an improved accuracy (about 5.4 cm) [25] . These improvements may enable the application of the offset-based unwrapping concept to PALSAR2 data, because the accuracy is two times smaller than half of the L-band radar wavelength (about 11.9 cm). In this study, the feasibility of the offset-based unwrapping was tested to determine whether it is applicable to PALSAR2 InSAR pairs. Fig. 1 shows the workflow for the offset-based phase unwrapping approach used in this study. The processing steps are as follows:
1. Generation of the wrapped differential interferogram; 2. Generation and filtering of the range offset map; 3. Generation of the unwrapped residual interferogram; and 4. Creation of the unwrapped differential interferogram. The wrapped differential interferogram can be generated by the traditional InSAR processing method, which is composed of three main steps: 1) generation of the master and slave SLC images through azimuth common band filtering, 2) coregistration between the master and slave SLC images at a sub-pixel level, and 3) generation of the differential InSAR interferogram via the flat-Earth and topographic phase correction using the Shuttle Radar Topography Mission (SRTM) DEM. More details of the InSAR processing can be found in [18] , [26] , and [34] . For the PALSAR2 data, it should be noted that the co-registration is carefully processed because it is the most important processing step. Especially for high mountain areas, the interferometric coherence can be degraded if the co-registration is not processed precisely. The range offset map can be generated by the multi-kernel offset-tracking method [25] . The method estimates multiple offset values from the cross-correlation operation using the multi-window kernel, which is composed of small to large window kernels. It then measures a final offset value by averaging the estimated multiple offsets after outliers are removed by using a set confidence level [25] . The method exploits the fact that the small kernels provide more accurate measurements for large and complex deformation signals, while the larger kernels are better for smooth deformation signals. Although the method has better accuracy than more traditional methods, there is some difficulty in applying the range offset map to generate the residual interferogram because the noise level of the range offset map is high. The NL-means filter was used for noise suppression in the range offset map. The NL-means filter has the advantage of the filter reducing the noise components and preserving the edge information [35] , [36] . In addition, the range offset map can require a topographic correction. Topographic offset distortion is caused by significant topographic height variations. It is linearly proportional to the perpendicular baseline, as well as the topographic height. Thus, if the perpendicular baseline is large, and the topographic height is high, the topographic distortion is severe and hence requires removal from the range offset map. Moreover, the NL-means filtered offset map requires conversion from pixels to radians.
The residual interferogram is generated by the following two steps: i) the filtered offset map is wrapped by 2π and ii) the wrapped differential interferogram is multiplied by the complex conjugate of the wrapped filtered offset map. Since the residual interferogram must be very smooth, the residual interferogram can be easily unwrapped by a traditional algorithm such as MCF [31] . After the residual interferogram has been unwrapped, the unwrapped differential interferogram can be obtained by adding the unwrapped residual interferogram to the filtered range offset map.
As mentioned previously, the feasibility of the offset-based unwrapping approach largely depends on the precision of the filtered range offset map. If the precision is poor due to a high perpendicular baseline or/and temporal decorrelations, the approach is not applicable. Moreover, the required precision should be smaller than half the radar wavelength (2π). The shorter the sensor wavelength is, the higher the required precision is. This means that X-band interferometry requires a better precision than L-band interferometry. Since a phase of 2π in the L-band PALSAR2 data corresponds to about 11.9 cm, the minimum required precision of the offset map for offset-based unwrapping should be smaller than 11.9 cm. Normally, the minimum requirements of X-and C-band radar interferometry are approximately 1.5 cm and 2.5 cm, respectively, and hence, it is difficult to apply the offset-based unwrapping approach to X-and C-band radar interferometric pairs. Therefore, the offset-based method is more appropriate to L-band PALSAR2 interferometry.
III. DATASET USED
Two ALOS2 PALSAR2 interferometric pairs were used to test the feasibility of the offset-based unwrapping VOLUME 6, 2018 approach. The ALOS2 satellite was launched in May 2014 and mounted with an L-band radar sensor, PALSAR2. The PALSAR2 was significantly upgraded from PALSAR, and hence, has a higher spatial resolution. The PALSAR2 has three modes: stripmap, scanSAR and spotlight. In this study, we used the PALSAR2 images obtained through the stripmap mode. Table 1 summarizes the system parameters of the PALSAR2 stripmap images used for this test. The PALSAR2 has a large chirp bandwidth of 84.0 MHz, which indicates that the range spatial resolution was remarkably improved to about 2.4 m, compared to PALSAR. The improvement enables the application of the offset-based method to the PALSAR2 data. The PALSAR2 test data were obtained from the 2016 Mw 6.5 and Mw 7.3 Kumamoto earthquakes. Since a lot of large and complex deformation areas existed in the test data, the data was ideal to validate the performance of the offset-based unwrapping approach. The PALSAR2 interferometric pairs are listed in Table 2 . The test data was selected by considering the perpendicular and temporal baselines. Two interferometric pairs with short baselines were selected, as listed in Table 2 . The two interferometric pairs were 20160211_20160602 in the ascending orbit and 20160307_20160418 in the descending orbit. The perpendicular baselines were about −74 and −122 m in the ascending and descending orbits, respectively. The temporal baselines were 112 and 42 days in the ascending and descending acquisitions, respectively. The differential interferograms generated from the pairs had higher coherences due to the short perpendicular and temporal baselines. 
IV. RESULTS
The offset-based unwrapping strategy was applied to the 2016 Mw 6.5 and Mw 7.0 Kumamoto earthquakes to validate the performance of the method. A moderate earthquake of Mw 6.5 occurred on April 14, 2016. The depth of the epicenter was shallow (about 11 km). A larger earthquake of Mw 7.3 occurred on April 16, 2016 [6] - [10] . It is known that the earthquakes were generated on a right-lateral strike-slip fault; subsidence of about 2.1 m and horizontal displacement of about 2.0 m were observed [7] - [10] .
Two co-seismic interferometric pairs were obtained from the event ( Table 2 ). The wrapped differential interferogram was generated by the following procedure: i) common band filtering was applied to the PALSAR2 SLC images in the azimuth direction to reduce the decorrelation factor due to different Doppler centroids [16] , [25] , ii) the offset parameters of the master and slave SLC images at a sub-pixel level were calculated, iii) the slave SLC image was resampled into the coordinates of the master SLC image using the offset parameters, iv) an interferogram was generated by the complex conjugate operation of the master and resampled slave SLC images with range common band filtering, v) a synthetic interferogram was simulated from the SRTM DEM to correct the flat-Earth and topographic phases, vi) a wrapped differential interferogram was created by subtracting the synthetic interferogram from the interferogram and multilooked by 12 × 15 looks (about 30 × 30 m) in the range and azimuth directions to reduce the phase noise [30] , vii) the wrapped differential interferogram was filtered by Goldstein's adaptive filter with a window size of 32 and the smoothing parameter of 0.5 [30] . Fig. 2 shows the wrapped differential interferograms acquired from the ascending pair of 20160211 and 20160602, and the descending pair of 20160307 and 20160418, respectively. The gradient of the fringe was very steep due to the large co-seismic deformation (Fig. 2) . The area of steepest surface deformation were found near the fault lines (Figs. 2(a) and 2(b) ). Phase changes of about 88.0 rad. (28 π) and 37.7 rad. (12 π) were estimated from the ascending and descending differential interferograms, respectively. However, the phase could not be properly measured because it was not possible to unwrap the extremely steep and complex deformation area. Moreover, deformation patterns in the decorrelated areas close to the fault lines could not be recognized due to high-gradient deformation patterns. Although maximum deformations of about 2 m were observed in both the horizontal and vertical directions [5] , [8] , [9] , valid deformations could not be measured from the differential interferograms.
To overcome these problems, the multi-kernel offset tracking method was applied to the ascending and descending interferometric pairs [25] . A total of sixteen multi-kernels, from 32 × 32 to 256 × 256, were used for offset tracking. The kernel sizes used were 32, 64, 128 and 256 in both the range and azimuth directions. After outliers were removed from the 16 offset measurements by using the 95% confidence level, the final offset measurement was estimated by averaging the remaining offsets. More details can be found in [25] . 3 shows the range offset map estimated by the multikernel offset tracking method, after conversion from pixels to radians. As shown in Fig. 3 , topography-related offset components could be found from the offset maps. The descending offset map (Fig. 3b) is more severely affected by topography than the ascending offset map (Fig. 3a) , because the perpendicular baseline of the descending pair is approximately two times larger than that of the ascending pair. Since the topographic effect is linearly proportional to the topographic height, the effect of topography can be removed using a linear regression method. Fig. 4 shows the topography-corrected range offset maps acquired from the ascending and descending orbits. Valid deformation signals were measured from the offset maps, even in the decorrelated areas close to the fault lines. It is well known that the InSAR method cannot measure high-gradient deformation signals, while the offset tracking method can. Maximum phase changes of about 145.5 rad and 133.9 rad. were observed from the ascending and descending offset maps, respectively. The maximum phase value differences between the offset maps and differential interferograms were as much as 57.5 rad. and 96.2 rad from the ascending and descending offset maps, respectively. These differences were due to the inability to measure the deformation phase from the differential interferograms in the decorrelated areas. The offset maps were found to have higher noise components than the differential interferograms when Figs. 2a and 2b were compared with Figs. 4a and 4b.
As the offset maps had high noise components, the maps could not be used for residual phase calculation without being filtered, because the noise components can interrupt the unwrapping of the residual phase. To confirm the problem, the residual interferograms were 1) calculated by the phase difference between the differential interferograms and the range offset maps, and 2) unwrapped by the MCF algorithm. However, numerous unwrapping errors occurred in the residual interferograms. The hard-weighting Gaussian filter used by [11] caused unwrapping errors in high-gradient deformation edges, local deformation areas, etc. To minimize the drawbacks, the NL-means filter was applied to the range offset maps. Consequently, residual interferograms were generated from the topography-corrected and NL-means filtered range offset maps.
Figs. 5a and 5b represent the NL-means filtered range offset map and unwrapped residual interferogram in the ascending interferometric pair, respectively; Figs. 5c and 5d compare the unwrapped interferograms generated by the offset-based unwrapping strategy and the traditional MCF algorithm. The noise effect of the offset map was significantly reduced Fig. 5a , and the residual interferogram in Fig. 5b was unwrapped with very few unwrapping errors. Since there was a phase difference in the residual interferogram between the differential interferogram and the range offset map, the phase values in the residual interferogram of Fig. 5b must be close to zero. However, the residual interferogram had a longwavelength pattern, as seen in Fig. 5b , due to ionospheric effects. The deformation signal is not related to the longwavelength pattern in the residual interferograms while the ionospheric signal remains because the sign of the ionospheric contribution in the range offset map and differential interferogram is different [37] - [39] .
The standard deviation of the residual interferogram was about 4.9 rad. As the ionospheric effect is very long-wave, VOLUME 6, 2018 unwrapping the residual interferograms with ionospheric contributions was facile. However, if the ionospheric turbulence is very severe, the unwrapping may present a challenge.
Figs. 5c and 5d represent the differential interferograms which have been unwrapped by the offset-based unwrapping and traditional MCF methods, respectively. The observed maximum deformation signals in the two unwrapped interferograms were about 145.6 rad. and 13.6 rad. in the offset-based unwrapping and traditional MCF methods, respectively. The large discrepancy is because the traditional method could not properly unwrap the high-gradient deformation phase near the fault lines.
Figs. 6a and 6b display the NL-means filtered range offset map and unwrapped residual interferogram from the descending interferometric pair, respectively, and Figs. 6c and 6d compares the unwrapped interferograms generated by the offset-based unwrapping and traditional MCF methods. The noise component was efficiently removed from the range offset map (Fig. 6a) . The residual interferogram had a longwave pattern, but the magnitude of the pattern had a lower phase value, as seen in Fig. 6b . The standard deviation of the residual interferogram was about 1.3 rad, and was approximately 4 times lower than the ascending residual interferogram. This is due to low ionospheric distortion.
The maximum deformations were about 103.0 rad. and 105.5 rad in the filtered range offset map and the offsetbased unwrapped differential interferogram, respectively. This indicates that the offset-based method enabled the unwrapping of the interferogram without unwrapping any errors. The maximum deformation from the traditional unwrapped interferogram was approximately 17.6 rad. because the high-gradient deformation phase near the fault lines could not be properly unwrapped, as previously mentioned in the ascending case. Fig. 7 shows the difference between the two unwrapped interferograms produced by the offset-based and traditional methods. The differences were zero in most areas, as seen in Figs. 7a and 7b . Especially in Fig. 7b , the differences in most areas were almost zero, except for in the areas near the fault line. Nevertheless, the maximum difference was as large as 100.5 rad. at the fault line. The difference corresponds to deformation of about 188.8 cm in the line-ofsight (LOS) direction. This is because high-gradient surface deformations occurred along the fault line and the deformation phase could not be unwrapped correctly. In Fig. 7a , phase jumps were found due to the miscalculation of phase ambiguity numbers in zones H and G (Fig. 7a) . The miscalculated phase ambiguity numbers were −2π and −4π in zones H and G, respectively. This is caused by the fault line that crosses the whole interferogram, which is a well-known phenomenon [28] . The maximum difference, observed in the zone I, was about 138.6 rad. which corresponds to LOS deformation of about 260.4 cm. Fig. 8a shows that the offset-based method was applicable to measure deformation, even in the decorrelated areas. This is because the valid deformation was measured by the offset tracking method, even though the differential interferogram was decorrelated. In profile A-A , the maximum LOS deformation (∼270.2 cm) was observed by the offset-based method, while the traditional method measured just 131.6 cm; the traditional method could not calculate valid LOS deformation. Profile B-B shows the miscalculation of the phase ambiguity numbers in zones H and G of Fig. 7 (Fig. 8b) . As previously mentioned, the error is caused by the fault line crossing the whole interferogram. Profile C-C confirms that the offset-based method enables the measurement of valid LOS deformation (Fig. 8c) .
In this profile (C-C ), the maximum deformation of about 198.2 cm was observed by the offset-based method, while that of about 47.2 cm was measured by the traditional method. It should be noted that the deformation area was only 85 pixels in the range direction, meaning that the deformation gradient was very high in the area. Thus, this further confirms that high-gradient deformation cannot be estimated by the InSAR method, but can be measured by the offset-tracking method. Profile D-D (Fig. 8d) includes the 'linear surface rupture' area reported by [6] . The phase discontinuity and high decorrelation due to the steep and complex deformation occurred in the 'linear surface rupture' area, and hence the traditional method did not work correctly. On the other hand, the offset-based method correctly measured the phase discontinuity as well as estimating the LOS deformation in the highly decorrelated area (Fig. 8d) . Fig. 9 enlarges the linear surface rupture areas of boxes E and F, which are shown in Figs. 5 and 6. Some deformation in the areas occurred due to small linear ruptures, and hence, the phase discontinuity and high decorrelation were caused by the deformations, as previously mentioned. Consequently, unwrapping the deformations by (Figs. 5 and 6) ).
the traditional MCF method caused errors, and the unwrapping errors affected the deformation patterns, as shown in Figs. 9b and 9d . In the interferogram which was unwrapped by the offset-based method, unwrapping errors were found in some areas, but these errors were much reduced compared to the traditional method (Figs. 9a and 9c) . While it is wellknown that unwrapping complex deformations is not easy [1] , [2] , [19] , the results show that the offset-based method can accurately unwrap the interferometric phase even in complex and steep deformation areas. Fig. 10 compares the InSAR LOS deformations with GPS-derived LOS deformations for the ascending and descending pairs. The GPS data was provided by the GNSS Earth Observation Network System (GEONET). In the descending pair, the achieved measurement accuracy was about 1.90 cm for the offset-based and traditional methods, as seen in Fig. 10b . This is because in-situ GPS stations do not exist in the high-gradient deformation areas. The measurement accuracies of the ascending pair were about 1.96 cm and 16.84 cm in the offset-based and traditional measurements, respectively (Fig. 10a) . The large discrepancy was caused by the phase jumps near the fault lines. Since in-situ GPS measurements did not exist in the high-gradient and highly decorrelated deformation areas, the measurement accuracy in these areas could not be estimated. The measurement accuracies of filtered offset maps were 3.13 and 2.63 cm for ascending and descending pairs. The accuracies were 160 and 138% larger compared to the proposed strategy for ascending and descending pairs respectively. These results show the proposed strategy could accurately reconstruct surface deformation and enhance the measurement accuracy compared to multi-kernel offset-tracking method [11] , [25] . In the highly decorrelated areas, close to the fault lines, the accuracy largely depends on the accuracy of the range offset maps. In the high-gradient deformation areas, the accuracy is dependent on the measurement accuracy of the interferograms, but only if the unwrapping processing is adequately completed. The precise measurements in the high-gradient and highly decorrelated deformation areas would be helpful for a better understanding of geological mechanisms. The results showed that the ALOS2 PALSAR2 offset-based unwrapping enabled the measurement of valid deformations even in high-gradient and highly decorrelated deformation areas.
V. CONCLUSIONS
Recently, both satellite radar sensors and interferometric and offset-tracking methods have been modified and improved. In this study, the feasibility of the offset-based unwrapping approach in terms of its effectiveness in unwrapping the interferometric phase of high-gradient surface deformations was tested. The offset-based unwrapping strategy exploits the high spatial resolution of the ALOS2 PALSAR2 SAR imagery and the improved accuracy of the multi-kernel offsettracking method. The offset-based method was applied to the ascending and descending ALOS PALSAR-2 co-seismic pairs obtained from the 2016 Kumamoto earthquake, to compare the offset-based and traditional unwrapping methods.
To test this methodology, wrapped differential interferograms were generated by a well-known InSAR processor, including azimuth common band filtering, co-registration, interferogram generation, topographic and flat-Earth corrections, multi-looking and filtering. The range offset maps were created by the multi-kernel based offset tracking method. The differential interferograms and range offset maps showed the steep surface deformation near the fault lines. In addition, a topography-related offset component was found in the range offset maps, and hence the topographic effect was corrected from these maps. The noise component was reduced by the NL-means filter. Residual interferograms were generated by subtracting the range offset-derived phase from the differential interferometric phase, and then unwrapped by the MCF method. Finally, unwrapped differential interferograms were generated by adding the unwrapped residual phase to the range offset map. The unwrapped interferogram created by the offset-based method were compared with the unwrapped interferograms generated by the traditional MCF unwrapping method.
The difference between the offset-based and traditional methods were almost zero in most areas, except the areas near the fault line. The maximum difference in the ascending case was as large as 100.5 rad. at the fault line, which corresponds to a deformation of about 188.8 cm in the LOS direction. The maximum difference in the descending case was about 138.6 rad., which corresponds to a LOS deformation of about 260.4 cm. In addition, phase discontinuity and high decorrelation due to steep and complex deformation occurred in the 'linear surface rupture' area, and hence, the traditional method did not work correctly, while the offset-based method correctly measured the phase discontinuity as accurately as it estimated the LOS deformation in the highly decorrelated area. The achieved accuracies from the InSAR measurements were about 1.96 cm and 1.90 cm in the ascending and descending acquisitions, respectively.
The results showed that the offset-based method enables the measurement of valid deformations even in high-gradient and highly decorrelated deformation areas. Precise measurements in such deformation areas could allow for a better understanding of geological mechanisms
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